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ABSTRACT
By offering high power density and a long cycle life, electrochemical double-layer capacitor
(EDLC) or ‘supercapacitor’ becomes a great candidate for energy storage device. Supercapacitors store
charge through the electric field at the interface between porous electrode and electrolyte. Activated
carbon and other carbon-based materials are typically used as electrode due to its high surface area. On
the other hand, dimension of the electrode is also a crucial parameter regardless of material characteristic.
Here, six electrode architectures with different array ratio (active area: gap space) were studied. The
focus is to design electrode arrangement of planar supercapacitor to enhance its performance beyond a
conventional sandwich structure. All cells were fabricated with the same procedures where each side of
a copper foil was coated with carbon-based material and a separator soaked with 3M aqueous sodium
nitrate was used as electrolyte. In case of low charging current of 5mA, all planar designs provide a
higher specific capacitance than the conventional sandwich supercapacitor. Maximum yielded is 23.3 F/g
(array ratio of 4:1) which is around 30% enhancement from that of conventional design (17.9 F/g) at
0.8V. Upon increasing the charging current, the specific capacitance of the cells with large gap space
decreases dramatically while the cells with narrow gap space still provide a good performance relative
to the conventional structure. This behavior indicates how electrode arrangement plays an important
role on ions movement. Optimization of electrode pattern will give an opportunity for enhancing the
capacitance of planar supercapacitor for real application of energy storage device.
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1. INTRODUCTION

Renewable energy such as solar, wind and
hydro-power is the global subjective topic at the
present time because of the fossil fuel depletion.
These types of alternating energy source are
a sustainable system with low environmental
impact. Unfortunately, the operation period for
real life application is normally limited by the

surrounding conditions such as sunlight (solar
cell) and location (wind turbine and hydro-power).
Energy storage system is therefore needed to
provide a continuous power supply regardless of
those restrictions. The most conventional energy
storage devices are batteries and capacitors. Batteries
has a capability to store high energy density by
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means of chemical reactions. These reactions,
however, take some reaction time. Batteries is
therefore suitable only for low power density
operation. In case of capacitors, electrical energy
is stored using electrostatic force at electrode/
dielectric material interface. The outstanding
characteristic of capacitor is high power density
operation because of fast charging/discharging
mechanism. Nevertheless, capacitor can store
much lower energy than the battery.
Beside the energy storage devices mentioned
above, electrochemical double-layer capacitor
(EDLC) or “supercapacitor” has been recognized
as one of the outstanding electrical energy storage
device because it fills the gap between battery and
conventional electrolytic capacitor. Supercapacitor
is able to operate with much higher power density
than battery and store a lot more energy than
capacitor while theoretically offers a million
cycles lifespan. Conventional supercapacitor
consists of two opposite electrodes filled with
electrolyte. Porous separator is inserted in between
to prevent a physically contact of the electrodes
which leads to short circuit. This assembly is called
a sandwich structure. Without Faradic charge
transfer, supercapacitor accumulates charge at the
electrode/electrolyte interface. This fast chargedischarge mechanism with no chemical reaction
involved allows it to operate at high power density
and provides almost unlimited working cycle life.
Surface area of the electrode becomes a crucial
parameter determining capacitance of the device.
Activated carbon, carbon nanotube, graphene
and other carbon-based materials have been used
as electrode substance due to their high surface
area with moderate electrical conductivity [1-3].
Supercapacitor, however, stores much lower
energy density than battery. Various techniques have
been implemented in order to enhance the energy
density of supercapacitor toward the battery scale.
One possible way is to incorporate with transition
metal oxides leading to pseudocapacitive effect.
Redox reaction of these oxides can multiply the
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specific capacitance by large amount. Nevertheless,
it should be noted that pseudocapacitor involves
chemical reaction and therefore decreases the
cycle life of the device. Electrode patterning is an
alternative approach to improve the performance
of EDLC without introducing any chemical
reaction. Planar design of patterned electrode has
many advantages over the conventional sandwich
structure. Firstly, it provides a good diffusivity
of electrolyte ions. Secondly, a separator is not
necessary in this design and can be eliminated.
Thirdly, very small gap space between electrodes
can be achieved by precise printing technology.
As the edges of electrode exposed to electrolyte
and the elimination of separator, these unique
properties offer a good accessibility of active
material and efficient electrolyte ions transport
which leads to the reduction of total resistance.
As a result, specific capacitance and power density
are increased with many orders of magnitude
regardless of the material characteristic [4-8].
In this work, six planar carbon-based electrode
designs were patterned with different array ratio
(active area: gap space). Wood pulp polyester
paper soaked with 3M sodium nitrate was used
as an electrolyte medium. Galvanostatic chargedischarge characteristic of all cells were tested with
varying charging current. Specific capacitances are
reported with respect to a conventional sandwich
structure. Interesting behaviors and advantages of
planar design of patterned electrode are illustrated
in the discussion section.
2. MATERIALS AND METHODS

2.1 Material
Activated carbon of 325 mesh size and carbon
black were used to formulate carbon-based ink.
Copper foil for battery anode substrate (9 μm
thick) was used as current collector for all cells.
A paper made of wood pulp (55%) and polyester
(45%) was used as electrolyte medium. Analytical
grade of sodium nitrate and commercial latex
binder was implemented.
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2.2 Cell Construction
reference cell, conventional sandwich structure,
Electrode material was formulated by carbonwas fabricated with the same processes but only
based ink using latex binder. Firstly, 5.0 g of latex
one side of the copper foil was fully coated in
was dissolved in 20.0 ml. of deionized (DI) water
the same control working area.
and stirred at 80 °C for 2 hours. Secondly, binder
solution was then mixed with 9.0g activated carbon
2.3 Analytical Procedure
and 1.0g carbon black. The mixed solution was
Electrochemical measurement for supercapacitors
were carried out using Metrohm-Autolab
ball milled at 500 rpm overnight.
Copper foil current collector was cut into
potentiostat/galvanostat controlled by Nova
patterned structures with 1mm and 2mm gap
software. The measurements were done in the
space set. For each set, there were three conditions
ambient environment through the two-electrodes
of active area, which were 2mm, 3mm, and 4mm
cell system. Potential window was set to 0-0.80 V,
within the aqueous electrolyte operating range.
(Figure 1). The electrode structure were assigned
Charging/discharging current was varied as 5, 10
here using array ratio(active area : gap space) as
2:1, 3:1, 4:1 set and 2:2, 3:2, 4:2 set. Each side
and 15 mA. Specific capacitance was calculated
of copper foil was coated with 40 μm thick of
from the galvanostatic discharge curve.
activated carbon ink using doctor blade machine.
The coated electrode was dried at room temperature
3. RESULTS AND DISCUSSION
Corrections list
for 2 hours and then put into an oven at 150 °C
At 5 mA charging current, for each gap
for 1 hour. Kapton tape was used to define
space set of planar electrode, the cell with larger
1
ratio
working
area of 30×60 mm. 3M sodium nitrate
active area provide the higher specific capacitance.
2
electrical
energy
storage
device by dissolving
aqueous
electrolyte
was
prepared
Comparing to the reference sandwich structure,
255.0
g
sodium
nitrate
with
DI
water
to
obtain
all planar cells have smaller active area because
3
consists
100.0 ml electrolyte solution. Lastly, each side of
they loss some area to the gap space but still give
4
9 μm thick
a higher specific capacitance (Table 1). This result
electrode was covered by a wood pulp polyester
5
40 μm thick
paper soaked with electrolyte solution as an
indicates the effect of good ions accessibility to
6
30medium
× 60 mm of planar supercapacitor. A
electrolyte
the edges of planar electrode which is its unique
7
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Figure 1. Patterned planar electrode. a) Electrode dimension including working area, active area and gap
space b) Six planar designs with difference array ratio (active area : gap space) c) Cell assembly

Figure 1. Patterned planar electrode. a) Electrode dimension including working area, active area and
gap space b) Six planar designs with difference array ratio (active area : gap space) c) Cell assembly.
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Table 1. Active area and specific capacitance of planar and reference sandwich structure (Ref.) at 5mA
charging current. Enhancement percentage is calculated with respect to that of Ref. value.
Cell

Active area
(mm2)

Specific capacitance
(F/g)

Enhancement
Percentage

Ref.

1800

17.96

-

4:1

1440

23.32

29.84

3:1

1350

22.91

27.57

2:1

1200

22.07

22.91

4:2

1200

22.84

27.17

3:2

1080

20.44

13.8

2:2

900

18.49

3.00

Figure 2. Specific capacitance of planar and reference sandwich structure(Ref.) at 0.8 cutoff voltage
with varying charging current.

characteristic upon the conventional sandwich
design. Planar electrode with 4:1 array ratio
provides the maximum yield of 23.3F/g, which is
around 30% enhancement from that of reference
sandwich structure (17.9 F/g).
Different severity of capacitance reduction
between planar and conventional sandwich
structure is clearly observed when operates with
high charging current. For high charging current

of 15mA, only small amount (7.3%) of specific
capacitance reduction occurs with sandwich structure
because electrodes are placed very closed to each
other. The gap space is approximately equal to
the thickness of wood pulp polyester separator,
which is only 0.2 mm. This narrow ions diffusion
distance allows the cell to withstand the effect of
specific capacitance drop when operating with
high current. In case of planar structures, there

Chiang Mai J. Sci. 2020; 47(4)

611

are two distinguish level of severity. Both of planar
conductivity than the narrow fringe but suffers
electrode sets have much larger gap space than
from a long diffusion distance of electrolyte ions.
The dependence of electrode resistance on its
the sandwich structure and therefore result in a
higher specific capacitance reduction percentage.
shape and pattern design is also observed in an
Among them, large gap space cells ( 2 mm) have a
in-plane micro-supercapacitor [9-10].
higher specific capacitance reduction percentage
A simplify model is used to investigate the
than narrow gap space cells ( 1 mm). Consider 4:
dependence of an effective conductance on the
electrode width. All simulations have been carried
2 and 2: 1 cell, they both actually have the same
2
out using COMSOL Multiphysics 5.2 software
total active area of 1200 mm but only patterned
as a well-known capacitor simulation software
in different way, 2:1 cell has a smaller gap space
and therefore suffers only 15% capacitance
used in many applications [11-14]. Two sets of
reduction while 4:2 cell with larger gap space
parallel conducting plates are placed in planar
shows a dramatically reduction of 73% from their
configuration as illustrated in Figure 3. On the
maximum yield. This result indicates how gap
top of the upper plate is a dielectric medium
space, which effects movement of electrolyte ions
which represents an electrical potential distributor
and total resistance of the cell, play an important
from positive to negative terminal. In order to
mimic EDLC characteristic of supercapacitor,
role on the performance of supercapacitor.
The cells with wider electrode fringe provide
the distance between the lower and upper plates
a higher specific capacitance. Within low charging
is set to be constant (in case of supercapacitor,
current range where the active area of the electrode
the distance between ions and electrode surface
dominates its performance, this trend is in good
is constant for all designs). This simplify model
is validated by calculating the specific capacitance
agreement for both 1 mm and 2 mm gap space
of the cell with varying dielectric constant (ε).
sets. Upon increasing charging current, the trend
is nonmonotonic. This divergence may caused by
The higher dielectric constant is to mimic the
the fluctuation of electrode’s
resistance
the of higher
conductance.
From Figure 4, the specific
Figure
2. Specific and
capacitance
planar and
reference
sandwich
structure(Ref.)
at
0.8
cutoff
voltage
with
ions diffusion distance depending on the fringe’s
capacitance is increased and eventually saturated
varying charging current
as the dielectric constant increased. The electrical
dimension of the patterned electrode. Electrode
with wider fringe provides a better electrical
potential gradient gradually fades away at high
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Figure 3. Schematic of design electrode using in simulation a) Electrodes and dielectric medium configuration b)
Equivalent circuit of the model c) Electrical potential gradient

Figure 3. Schematic of design electrode using in simulation a) Electrodes and dielectric medium
configuration b) Equivalent circuit of the model c) Electrical potential gradient.
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Table 2. The corresponding dielectric constant of each planar cell.
CELL

CELL
4:1

Corresponding

Corresponding
dielectric constant, 𝜀𝜀𝜀𝜀
dielectric constant, ε
1.672

CELL

CELL
4:2

Corresponding

Corresponding
dielectric constant, ε

dielectric constant, 𝜀𝜀𝜀𝜀

2.7935

12

3:1Different severity level of capacitance
1.4465 reduction was observed3:2
1.9795
when operating at high charging
current

13

2:1Grant No.

1.2963

dielectric constant value showing the character of
conductor. The result is as expected because, in
the highly conductive electrolyte limit, the specific
capacitance should be constant regardless the size
of the active area.
Based on the experimental results of planar
supercapacitor in Table 1, the dielectric constant
corresponding to the specific capacitance of each
design is determined (Table 2). For both 1 mm
and 2 mm gap space set, the wider electrode fringe
has the higher corresponding dielectric constant,
which implies the better effective conductance
of the cell and result in the specific capacitance
enhancement observed.
Interestingly, 2: 1 array ratio planar design
has a higher specific capacitance than that of
sandwich structure throughout the charging

2:2

1.5857

range even the gap space is five times larger.
The optimum array ratio of planar structure,
by taking both electrode fringe dimension (for
sufficient electrical conductance) and gap space
(for good electrolyte ions diffusion) into account,
is therefore a practical approach to enhance the
specific capacitance of supercapacitor without
inducing any chemical reaction.
4. CONCLUSIONS

Carbon-based supercapacitor was fabricated
using activated carbon, carbon black and latex binder.
Specific capacitances of the cells with different
electrode arrangements were measured at various
charging currents. Compared to conventional
sandwich structure, within low charging current
of 5 mA, all planar designs have a higher specific
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capacitance with the 30% maximum enhancement.
The cell with 2: 1 array ratio provides a higher
specific capacitance upon the conventional sandwich
structure for all 5 -15 mA of charging current
range. Different severity level of capacitance
reduction was observed when operating at high
charging current. The larger gap space between
two electrodes, the higher reduction percentage
becomes. The dependence of electrode resistance
on its dimension also affects the performance of
the cell. These results demonstrate the crucial
parameters concerning with the optimization of
planar electrode structure in order to promote the
specific capacitance of supercapacitor. Flexibility
of choosing electrolyte medium, such as polymer
or gel electrolyte, and unlimited pattern design also
offer many alternative improvement ways. Planar
supercapacitor with patterned electrode therefore
has proven to be an efficient way to enhance the
performance of supercapacitor without taking
extra material or inducing any chemical reaction
that can degrade the cycle life of the device.
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